INTRODUCTION
As an emerging alternative light-harvesting material in solar cells, cesium (Cs)-based halide perovskites have recently attracted booming attention due to their excellent charge transport properties and thermal stability (Wang et al., 2018a (Wang et al., , 2018b (Wang et al., , 2018d Li et al., 2018b) . It has been demonstrated that a-CsPbI 3 (cubic phase) exhibits a band gap of $1.73 eV, highly desirable for building top cells in tandem perovskite solar cells (PSCs). However, a-CsPbI 3 perovskite exhibits a tolerance factor of $0.85, making the materials unstable at room temperature due to the easily spontaneous transformation to the photo-inactive d phase Lau et al., 2018) , severely hampering its application toward high-performance PSCs. Among various approaches (Wang et al., 2017 (Wang et al., , 2018a (Wang et al., , 2018b (Wang et al., , 2018c (Wang et al., , 2018d Hu et al., 2017; Lau et al., 2018; Jena et al., 2018; Swarnkar et al., 2016; Sanehira et al., 2017; Zhang et al., 2017; Liao et al., 2017; Luo et al., 2016; Fu et al., 2017; Li et al., 2018a Li et al., , 2018b , additive engineering, which involves careful selection and addition of components to the precursor solution, has been commonly employed for the perovskite deposition to achieve a better control of the crystallization process and the ensuing film quality (Sutherland, 2017) . Optimization of the additive engineering has been demonstrated as an effective and facile route toward Cs-based photovoltaic devices with improved efficiency and stability and has become an emerging focus of PSC research.
As an exemplary case, adding hydriodic acid (HI) to the N,N-dimethylformamide (DMF) solution of lead iodide (PbI 2 ) and cesium iodide (CsI) has been demonstrated as a popular way to enhance the phase stability of the resultant Cs-based perovskite films (Eperon et al., 2015; Hu et al., 2017; Luo et al., 2016) . However, the understanding of the detailed reaction mechanism and actual role of the additives has often remained elusive, which hinders further optimization of the fabrication process. For example, it has recently been suggested that the ''mythical'' hydrogen lead trihalide (HPbI 3 , also known as PbI 2 •xHI), the oftenassumed reaction product of HI and PbI 2 , does not actually exist (Ke et al., 2018) . Instead, adding acid to DMF is known to generate a weak base dimethylamine (DMA) through hydrolysis (Noel et al., 2017; Sutherland, 2017; Daub and Hillebrecht, 2018) , and with the presence of PbI 2 the actual final product is believed to be a compound of DMAPbI 3 (DMA + = dimethylammonium, (CH 3 ) 2 NH 2 + ). Despite the broad adoption of such reaction route in fabricating Cs-based perovskite materials, systematic investigation of DMAPbI 3 as the starting material and its effect on the performance of the resultant PSCs has been largely missing, breeding continued debates and confusion.
Here, we present a detailed characterization of the hydrolysis-derived DMAPbI 3 and its role in producing high-quality Cs-based perovskite films. We employed an extensive set of techniques to accomplish in-depth analysis of the composition and properties of DMAPbI 3 as the starting material, including in situ thermogravimetry Fourier transform infrared spectroscopy (TG-FTIR) coupled analysis, nuclear magnetic resonance (NMR), and FTIR. We systematically tuned the CsI/DMAPbI 3 molar ratio in the precursor and investigated its effect on the film property of the perovskite material, including film morphology, defect states density, carrier lifetime, and material stability, among other PSC performance metrics. We achieve a power conversion efficiency (PCE) up to 14.3%, with over 85% of the initial efficiency retained after $20 days in ambient condition without encapsulation. Our findings offer new insights into this important fabrication process, which can lead to better implementation and further optimization in producing high-quality Cs-based perovskite materials for solar cells with improved efficiency and stability.
RESULTS AND DISCUSSION
We synthesized the DMAPbI 3 powder following the commonly used method by reacting PbI 2 and HI in DMF (details in Methods section), which is used as the starting material for making the Cs-based perovskite films ( Figure 1A ). This method was once widely believed to produce the ''mythical'' HPbI 3 (Wang et al., 2015; Pang et al., 2016; Long et al., 2016) , whereas a recent study challenged such claim and proposed that the product would be DMAPbI 3 (Ke et al., 2018; Daub and Hillebrecht, 2018) , which is now confirmed, finally, by our detailed analysis as described below.
X-ray diffraction (XRD) patterns of the synthesized powder ( Figure 1B) (Mancini et al., 2016; Ke et al., 2018) . In addition, the scanning electron microscopic (SEM) images (Figures 1C and 1D) show that the powder particles have the shape of hexagonal rods ( Figures 1D and S1 ), consistent with DMAPbI 3 crystals (Mancini et al., 2016; Ju et al., 2017) . Furthermore, energy-dispersive spectrometric (EDS) mapping ( Figures 1E-1H ) measurements identify element N uniformly distributed in the entire sample ( Figure 1F ), together with elements Pb and I ( Figures 1G and 1H) . The above evidences strongly support that such reaction route in fact produces DMAPbI 3 ; in particular, the universal existence of element N invalidates the misbelief of the delusional ''HPbI 3 '' product from this reaction.
We further confirmed the material composition of the DMAPbI 3 powder by performing FTIR spectrum, in situ TG-FTIR coupled analysis, and 1 H NMR measurements. The FTIR spectrum confirms the presence of N-H and C-H bonds ( 2E ) and the weight loss is consistent with the melting of lead iodide (PbI 2 ) (bulk melting point at 402 C) (Schieber et al., 2008) . In addition, the 1 H NMR spectrum ( Figure 2F ) of the powder (dissolved in dimethyl sulfoxide-d 6 , DMSO-d 6 ) shows clear signals at d = 8.15 ppm and d = 2.55 ppm, corresponding to protons in -NH 2 + -and -CH 3 , respectively (Ke et al., 2018) . The integrated ratio from these two signals (corresponding to the molar ratio) is $1:3, also consistent with the chemical formula DMA + ((CH 3 ) 2 NH 2 + ). All the results again strongly confirm DMAPbI 3 as the product from the above reaction, which we will use as the Pb source for fabricating Cs-based perovskites.
We prepared the perovskite precursor solution by dissolving DMAPbI 3 powder and CsI in DMF, with a series of CsI/DMAPbI 3 molar ratios (CsI from 0.3 to 0.9 M, DMAPbI 3 fixed at 1 M, referred to as Cs-0.3, ., Cs-0.9) in the precursor (details in Methods section). A two-step annealing process (140 C + 180 C) was employed to fully crystallize the spin-coated films ( Figure 3A ), facilitating the formation of Cs x DMA 1-x PbI 3 perovskites. The absorption property with different CsI/DMAPbI 3 molar ratios was first investigated, showing similar optical features on the spectra ( Figure S2 ). The XRD patterns ( Figures 3B and S3 ) of the obtained films show clear peaks corresponding to Cs x DMA 1-x PbI 3 (14.4 , 28.9 ) and DMAPbI 3 (11.8 ), respectively (Ke et al., 2018) . Remarkably, in contrast to perovskites fabricated from other conventional routes (such as reacting CsI and PbI 2 with DMAI, Ke et al., 2018 , or dissolving CsI and PbI 2 in DMF with HI additive, Zhao et al., 2018) , our perovskite films show more intense diffraction peaks of (100) (14.4 ) and (200) (28.9 ) without any splitting, along with other spurious peaks strongly suppressed. This result suggests that the introduction of DMA + (also confirmed by 1 H NMR in Figure 3C and FTIR in Figure S4 ) effectively optimizes tolerance factor, resulting in the high crystallinity and preferable orientation in the perovskite films (Shi et al., 2017) .
We noticed that the molar ratio of CsI/DMAPbI 3 has clear effects on the resulting Cs x DMA 1-x PbI 3 films property. As the Cs + ratio increases, the DMAPbI 3 XRD peak (2q = 11.8 ) decreases and disappears when the molar ratio is over Cs-0.8. This indicates the existence of excess DMAPbI 3 in the perovskite film when CsI molar ratio in the precursor falls below 0.8. SEM images (Figures 3D and S5) show that the Cs-0.5 precursor leads to the optimal film morphology with smooth and dense grains, whereas with insufficient Cs + (Cs-0.3) the perovskite film displays many cavities and Cs-0.7, Cs-0.9 films also show emergence of pinholes. We further evaluated the stability of the films processed with different CsI/DMAPbI 3 molar ratios. As shown in Figure 3E , the films with low concentrations of Cs + (Cs-0.3, Cs-0.5) show negligible degradation after exposing in air for 20 days (relative humidity [RH] 20% G 5%), whereas those with higher Cs + ratio (Cs-0.7, Cs-0.9) quickly degrade from black (a) phase into yellow (d) phase within a few days (see XRD data in Figure S6 ). The result suggests that an appropriate ratio of CsI/DMAPbI 3 is required for achieving a phase-stable film, which could be attributed to the excess DMAPbI 3 in the films acting as a moisture barrier, thus improving the stability of the perovskites.
To understand the effect of the varied CsI/DMAPbI 3 molar ratio on the defect property of the Cs x DMA 1-x PbI 3 films, we employed the space-charge-limited current method to analyze the electron trap-state density ( Figures 4A-4D ). The current increases linearly as a function of voltage (indicating Ohmic conduction) up to kink, beyond which the current shows a rapid rise due to the filling of trap states by injected carriers. The voltage at the kink is known as trap-filled limit voltage (V TFL ), often used to determine the density of trap states through the equation:
where e is the elementary charge, n t is the density of trap states, L is the film thickness between the two contacts, ε 0 is the vacuum permittivity, and ε is the relative permittivity of CsPbI 3 (ε = 6.32ε 0 ) (Tong et al., 2016) . V TFL and n t for different Cs + concentrations are summarized in Table S1 . We noticed that the Cs-0.5 film exhibits lowest density of trap states, which is further evidenced with the strongest luminescence intensity and the longest carrier lifetime from the photoluminescence (PL) and time-resolved PL spectra results, respectively ( Figures 4E and 4F) . Our results clearly demonstrate the positive effect of engineering the CsI/DMAPbI 3 molar ratio on reducing the defect states in the resulting Cs x DMA 1-x PbI 3 films.
Having demonstrated the improved stability for films with optimized CsI/DMAPbI 3 molar ratio, we further evaluated device efficiency and the stability of resulting complete devices ( Figure S7 ). The PCEs with different ratios are shown in Figures 5A and 5B, and device parameters are summarized in Table S3 . The Table S1 . (E) PL spectra for Cs x DMA 1-x PbI 3 perovskite films.
(F) Time-resolved PL decay trace of Cs x DMA 1-x PbI 3 perovskite films; see also Table S2. optimal composition (i.e., Cs-0.5) yields a champion PCE of 14.3% with a V oc of 1.05 V, a short-circuit current density (J sc ) of 18.4 mA/cm 2 , and a filling factor of 0.74 ( Figure 5C ) based on the active layer processed at Cs-0.5, in good agreement with our findings when evaluating the perovskite film quality. We further found that the high performance for Cs-0.5 PSCs was consistent with their high crystal quality and good energylevel alignment at the electron transport interface ( Figures S8 and S9 ). The steady power output for this champion device sustains at 12.8%, measuring at the fixed voltage of 0.849 V close to the maximum power point ( Figure 5D ), and the external quantum efficiency (EQE) shows an integrated J sc value at 16.1 mA/cm 2 ( Figure 5E ). We noted that the Cs-0.5 PSCs also exhibit good reproducibility ( Figure S10 ) and good stability, with the best device maintaining 85% of its initial efficiency after 20 days of air exposure (RH 20% G 5%) without encapsulation ( Figure 5F ).
Conclusion
In summary, we performed comprehensive characterization of hydrolyzed DMAPbI 3 material and systematic evaluation of its effect on fabricating high-quality Cs-based PSCs. Through a series of detailed analysis of the composition and properties of DMAPbI 3 , including in situ TG-FTIR and NMR, we unambiguously determine the existence of DMAPbI 3 synthesized from the popular fabrication process-dissolving PbI 2 in DMF with addition of HI-due to the hydrolysis of DMF. By carefully controlling the CsI and DMAPbI 3 molar ratio in the precursor, we achieve an optimal composition essential for obtaining high-quality Cs x DMA 1-x PbI 3 perovskite films with uniform morphology and low density of trap states, which further leads to optimized Cs x DMA 1-x PbI 3 PSCs with highly reproducible PCEs up to 14.3%. Our findings provide an indepth understanding on the product from hydrolyzed DMF and offer insightful guidelines for achieving high-efficiency stable Cs-based perovskite devices.
Limitation of the Study
In this work, we dissolve PbI 2 and HI in DMF to synthesize DMAPbI 3 and confirm that the ''mythical'' HPbI 3 does not exist (which actually should be DMAPbI 3 ) by providing a comprehensive analysis on the elementary information of the reaction products at every stage. However, the Cs x DMA 1-x PbI 3 perovskite film is hard to be stabilized when x is approaching 1 by reacting such DMAPbI 3 with CsI. It would be more interesting if the phase transition of Cs x DMA 1-x PbI 3 perovskite films was studied through in situ measurement, to further investigate the effects of Cs + /DMA + ratio on the phase transition of Cs x DMA 1-x PbI 3 perovskites.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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Preparation of Cs x DMA 1-x PbI 3 films: CsI and DMAPbI 3 powder in different molar ratios (CsI from 0.3 M to 0.9 M, DMAPbI 3 fixed at 1 M) were dissolved in 1 mL DMF, followed by stirring for 40 min at room temperature (RT). The perovskite films for characterization were formed through spin-coating 70 μL perovskite precursor onto the FTO substrate or the compact TiO 2 substrate at 4000 rpm for 30 s and then annealing at 140 °C for 2 min and 180 °C for 4 min. The transfer of temperature should be finished quickly.
Device fabrication: The device fabrication was conducted based on FTO substrates which were cleaned with deionized water, acetone and ethanol in ultrasonic cleaner. Then FTO substrates were treated in O 2 plasma cleaner for 10 min. For the formation of compact TiO 2 layer, TiO 2 precursor sol was spun-coated on the substrates at 3000 rpm for 30 s, followed by annealing at 500 °C for 30 min in air. The compact TiO 2 coated substrates were then treated with UV-ozone for 10 min. Subsequently, the perovskite layer was deposited via spin-coating. The spiro-OMeTAD precursor was prepared by dissolving 80 mg spiro-OMeTAD with 35 μL LiTFSI solution (520 mg in 1 mL acetonitrile) and 28.8 μl 4-tBP in 1 mL chlorobenzene. Hole transport layer was deposited on top of perovskite film by spin-coating at 4000 rpm for 40 s. Finally, a ~100 nm Au electrode was deposited by thermal evaporation under the pressure of 5×10 -4 Pa.
Measurements and Characterization: X-ray diffraction (XRD) patterns of films and powder were recorded by a Bruker D8 Advance diffractometer with Cu K α radiation (λ = 1.5418 Å) and LYNXEYE_XE detector. Scanning electron microscope (SEM) images were collected by FEI Inspect F50 electron microscope with electron energy of 10 keV. The energy disperse spectroscopy analysis (EDS) was also performed on FEI Inspect F50. Steadystate photoluminescence (PL) measurements and time-resolved PL decay were conducted by using FluoTime 300 (PicoQuant). The J-V curves were measured by Keithley 2400 series digital source-meter unit and the devices were placed under simulated AM 1.5G irradiation (100 mW/cm 2 , xenon lamp, Newport). The effective area of one cell is 0.09 cm 2 . Ultraviolet photoelectron spectra (UPS) were carried out by Thermo Fisher Scientific Escalab 250Xi system by using a He discharge lamp (21.22 eV), a bias voltage of -5 V was applied. X-ray photoelectron spectroscopy (XPS) was performed by the same system as UPS. Fourier transform infrared (FTIR) spectra were measured by the Thermo Scientific Nicolet IS 10 FTIR spectrometer. Nuclear magnetic resonance ( 1 H NMR) spectra were measured with Bruker Advance 400 spectrometer. The space-charge-limited current (SCLC) measurements were carried out by Keithley 2400 digital source-meter under dark condition. The external quantum efficiency (EQE) spectra were measured using a QTEST HIFINITY 5 (Crowntech Inc., USA). Thermogravimetry in situ infrared spectroscopy (TG-FTIR) coupled analysis was performed on PerkinElmer STA8000 simultaneous thermal analyzer combined with Frontier FTIR. The heating rate is 10 K/min.
